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of the male’s display colors. Their
signals have evolved to match the
females’ visual sensitivity, but
they too can choose among
strategies. If that species relies
on chromatic contrast to find
food, then males evolve signals
that exploit the contrast channel,
but if the species uses
brightness contrast then male
signals exploit that channel.
Cummings presents strong
phylogenetic data to support
this coevolutionary process, with
Occam’s razor supporting a
specific chain of events: changes
in habitat leading to changes in
vision and subsequent changes in
color patterns.
These studies are just two of
a burgeoning field of animal
behavior. They integrate
analyses of sensory systems
and communication behavior
and interpret their results in
a phylogenetic context. Such
studies are becoming
paradigmatic of integrative
biology. And they are giving
us some important insights into
how the splendour of colours
all around us have come into being.
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Signal transduction systems that mediate adaptive changes in gene
expression to specific sensory inputs have been well characterized.
Recent studies have focused on mechanisms that allow crosstalk
between different information-processing modalities.Melinda D. Baker2
and Jeffry B. Stock1,2
What are the decision-making
mechanisms by which
a bacterium controls the activities
of its genes and proteins to adapt
to changing environmental
conditions? How do cells regulate
the expression and activities of
thousands of different genes and
proteins to efficiently control
motility, metabolism, growth and
differentiation? The structures and
functions of most regulatory
components are well understood.
Transcription factors and RNA
polymerases interact with DNA to
regulate gene expression. In some
cases, small molecule secondmessengers bind to
transcription factors to control
their activities; in others, kinases
activate transcription or
repression by adding phosphoryl
groups to target proteins.
Signals from outside the cell
interact with membrane
receptors that regulate the
activities of sensor kinases as well
as enzymes that control the
production of second
messengers. We understand how
these activities can come
together to form signal
transduction pathways that
function as specific regulatory
modules dedicated to the
generation of specific responses to
distinct classes of sensory inputs.But how do disparate regulatory
modules interact to function as
a cell? How are bacterial
information processing networks
organized?
The classic paradigm for
a regulatory module is the
system that controls lactose
utilization in Escherichia coli [1].
The genes for lactose uptake and
metabolism are regulated by
a transcription factor that binds
lactose so that E. coli in the
gut tend to turn on lactose
metabolism when they sense the
presence of lactose (for example,
after the mammalian host drinks
milk). The structures of the
genes and proteins that
constitute this molecular switch
have been resolved at atomic
resolution and their functional
interactions have been
exhaustively investigated. E. coli
exhibit a preference for glucose
over lactose. When they sense
the availability of glucose, the
lactose genes are repressed.
This mechanism involves
additional transcription factors
that are controlled by
a regulatory module that is
Current Biology Vol 17 No 23
R1022specialized to sense and
respond to glucose. In other
words, there is crosstalk between
the lactose and glucose
regulatory modules.
E. coli has been a favorite
model system for the investigation
of regulatory mechanisms, and
considerable information has been
generated about a variety of
different regulatory modules [2].
In addition to the systems that
regulate lactose and glucose
uptake and metabolism, several
systems include modules that
regulate motility (Fla), chemotaxis
(Che), cell envelope permeability
(Omp), aerobic catabolism (Arc),
phosphorus utilization (Pho) and
many other processes. Over 400
E. coli gene products have been
categorized as ‘regulatory’
proteins. This compilation does
not include a comparable number
of membrane receptors that also
serve dual roles in transport and
regulation, as well as a growing
number of small RNAs and nucleic
acid binding factors. In total, more
than a third of the E. coli genome
encodes elements that function
in some regulatory capacity. The
question then becomes, how
do over a thousand different
signal transduction regulatory
components interact in a
coordinated fashion to produce
a living cell?
The first generalization is that
bacterial cellular regulatory
networks are composed of
modules that function to access
distinct classes of sensory inputs
and corresponding adaptive
outputs [3]. Each module can
generally be considered in terms
of three subsystems with distinct
receptor, transducer and effecter
functions. In the lactose system,
the receptor is a membrane
protein, LacY, which binds
lactose at the outside surface of
the cell and releases it into the
cytoplasm; the transducer is
a cytoplasmic enzyme, LacZ,
which both hydrolyses lactose to
galactose and glucose and,
in a side reaction, converts it
into the principal intracellular
inducer, allo-lactose; and the
effecter is a transcription factor,
LacI, which binds allo-lactose
and allows RNA polymerase
to express the genesthat are required for lactose
metabolism [1].
The Lac system is relatively
simple. A much more complex
example is provided by the
chemotaxis or Che system [4]. In
this case there are five different
receptors, each of which binds
a different spectrum of stimulatory
ligands at the outside surface of
the cell. These receptors are
transmembrane proteins that
interact with a protein kinase,
CheA, at the inside surface of the
membrane. The kinase serves
a transducer function, using
information supplied by the
receptor proteins to control the
addition of phosphoryl groups to
an effector protein, the chemotaxis
response regulator, CheY.
Phospho-CheY interacts with the
flagellar motor to control motility.
The Che system has several
additional auxiliary components
that modulate the activities of the
receptors, CheA, and CheY. Thus,
whereas the Lac system is
composed of the products of only
three genes, the Che system is
composed of 11 different gene
products. Most signal transduction
systems inE. coli seem to fall within
this general range. Given that there
are over a thousand different
regulatory genes, there are on the
order of 100 different regulatory
modules encoded in the E. coli
genome.
Similarities in the molecular
mechanisms that underlie different
signal transduction pathways are
reflected in sequence similarities
between their component genes.
Homologous variants of a few
highly conserved families of signal
transduction proteins are
employed in a wide range of
different signal transduction
contexts [5]. The histidine protein
kinase and response regulator
superfamilies provide particularly
well-documented examples [6,7].
Most bacteria contain numerous
members of these two families,
which generally function in specific
pair-wise combinations to couple
metabolic energy to different
information processing pathways
[8]. E. coli, which is not atypical,
employs about 30 different
histidine protein kinase/response
regulator pairs in signal
transduction systems thatmodulate various processes such
as: chemotaxis (CheA/CheY);
cell-envelope permeability
(EnvZ/OmpR); phosphorus uptake
(PhoR/PhoB); and oxidative
metabolism (ArcA/ArcB) [9].
Signal transduction pathways
that utilize histidine protein
kinase/response regulator
coupling mechanisms have
become known as two-component
systems, in contrast to pathways
such as Lac, which have been
termed one-component systems
[10]. Although these designations
have caught on in the microbial
vernacular, they are misleading
because there are invariably more
than two components involved in
any signal transduction pathway,
whether or not a histidine protein
kinase/response regulator
mechanism is involved.
In so-called one-component
systems like Lac, information is
broadcast through the regulated
production of widely accessible
second messengers that interact
with specific transcription factors
[10]. The use of small molecule
signals like allo-lactose or
cAMP makes one-component
signaling mechanisms particularly
amenable to use in intercellular
communication processes such as
those involved in quorum sensing.
In these cases it is not uncommon
for a second messenger-like
molecule produced by one cell to
be sensed by a two-component
system in another [11].
Insofar as one-component
systems are like satellite
communication, two-component
systems are more akin to cable.
Information is passed between
proteins by phosphotransfer
reactions, so that the final signal
is generally the activated
(phosphorylated) transcription
factor itself. Two-component
phosphotransfer systems provide
a mechanism for intracellular
crosstalk. Whereas each
transcription factor that mediates
a one-component response must
have a specific domain to detect
the relevant second messenger;
two-component transcription
factors are activated by
phosphorylation irrespective of
which histidine protein kinase acts
to catalyze the phosphotransfer
reaction [12].
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phosphotransfer specificities of
the relevant histidine protein
kinases, different signal
transduction pathways can
converge to produce coordinated
responses to multiple sensory
inputs. The resulting integrated
circuitry can be quite complex.
The phosphotransfer chemistry
between histidine protein kinases
and response regulators is readily
reversible, so phosphoryl groups
can be passed from histidine
protein kinase 1 to response
regulator 1 to histidine protein
kinase 2 to response regulator 2,
and so on. There are numerous
examples of this type of
phosphorelay [8], and most
histidine protein kinases appear
to have a limited ability to
phosphorylate most response
regulators [12]. Nevertheless, to
a first approximation, each
histidine protein kinase tends to
act specifically to phosphorylate
a specific cognate response
regulator [9].
In addition to catalyzing
response regulator
phosphorylation, most histidine
protein kinases also mediate the
hydrolysis of their cognate
phospho-response regulators [8].
This phosphatase activity
contributes greatly to the cognate
specificities of histidine protein
kinase/response regulator
coupling. The phosphatase
activities of cognate histidine
protein kinases function as low
pass filters by removing the
background cross phosphorylation
noise from non-cognate histidine
protein kinases. This phosphatase
effect explains why crosstalk to
non-cognate response regulators,
which is generally not observed in
wild-type strains, often becomes
evident in mutants where the
cognate histidine protein kinase
has been deleted [13].
Recent results have identified
a new class of ‘connector’ proteins
which play an important role in the
integration of two-component
responses by binding to, and
protecting, specific response
regulators from the phosphatase
activities of their cognate histidine
protein kinase [14]. Expression of
a connector protein can lead to
a stronger and longer lastingresponse regulator activation than
occurs with direct activation of
the corresponding histidine
protein kinase. Moreover, such a
phospho-response regulator
stabilizing mechanism would be
expected to greatly enhance the
significance of non-cognate
histidine protein kinase-mediated
cross phosphorylation.
The ultimate level of integration
in bacterial regulatory networks
occurs on DNA. Activation of one
transcription factor generally leads
to changes in the expression of
numerous genes including other
transcription factors. These
changes feed back to modulate the
signal transduction pathways that
generated them in the first place
[15,16]. There are numerous
instances where a pathway feeds
back to positively regulate its own
expression. This commonly occurs
for both one-component systems,
such as Lac, and two-component
systems, such as the PhoB/PhoR
system that is responsible for the
induction of alkaline phosphatase
in E. coli [17]. Such changes may
enhance or diminish cross talk
between parallel pathways. A
noteworthy example [14] is
provided by the induction of the
connector protein, PmrD, through
the activity of a two component
system in Salmonella that plays
a key role in virulence: PhoQ/PhoP.
PmrD binds to the response
regulator of a different system,
PmrA/PmrB, which mediates
resistance to the antibiotic,
polymyxin B. Thus, as the
complexity of bacterial information
processing networks begins to be
revealed, translational research on
the control of bacterial virulence
and antibiotic resistance is
providing valuable insights for
the treatment of infectious
disease.
Research on bacterial signal
transduction is shifting from
a focus on individual genes and
proteins in vitro to the study of
whole systems in vivo. Each
component is now regarded as
a node, the essential character of
which can only be fully appreciated
in terms of its connections to
other nodes. In this context, an
individual E. coli cell is a network
with about 108 nodes composed
of the products of about 103different genes. Analyses of the
structure–function relationships
involved in paradigmatic signaling
pathways such as Lac, Che, or
PhoQ/P have revealed crucial
elements of molecular logic. The
next task is to understand how
these elements are connected to
form a dynamic, adaptive cell.
How is information converted into
knowledge, and how is knowledge
sorted, evaluated and combined
to guide action, morphogenesis
and growth?
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A recent study has provided surpris
mechanisms underlying our ability t
one hand to the other.
Niels Birbaumer
Once we have picked up
a telephone and selected
a particular combination of
numbers with one hand it is easier
to do the same thing again, even
with the opposite hand. If we learn
on our first day of skiing to turn to
the left, we instinctively trust our
ability to turn to the right without
any specific instruction in the
mirror-image task. The brain
processes underlying this
seemingly automatic ability to
transfer a learnt motor skill
from one side of the body to
another are not well understood.
Understanding this ability, in
identifying the brain areas
involved in intermanual transfer
of learned skills, is important,
for example, for the development
of treatments for unilateral
movement disorders. New work
by Perez et al. [1], published
recently in Current Biology,
has significantly advanced our
understanding of intermanual skill
transfer, an ability that is critical for
survival in a world which requires
rapid modification of skills learned
with one limb only.
This ability depends on the
connection between the two halves
of the brain — ‘split-brain’ patients
with a surgically lesioned corpus
callosum [2] have to completely
relearn in one hand a task learnt
previously in the other, even when
the latter has reached a perfect
level of performance. There is an
upside, however: a split-brainbuilding blocks of complex networks.
Science 298, 824–827.
16. Shen-Orr, S.S., Milo, R., Mangan, S.,
and Alon, U. (2002). Network motifs in
the transcriptional regulation network
of Escherichia coli. Nat. Genet. 31,
64–68.
17. Wanner, B.L. (1993). Gene regulation by
phosphate in enteric bacteria. J. Cell
Biochem. 51, 47–54.assing a Skill
the Other
ing new insights into the neural
o transfer a learned motor skill from
patient can learn two different
motor skills simultaneously with
both hands without interference,
something people with a properly
connect brain find extremely
difficult.
Intermanual transfer could
thus be a blessing or a drawback,
depending on the context of
procedural skill acquisition and
skill performance. In a stroke
patient, cortical reorganisation
and recovery depend on
ipsilesional brain changes:
interference from the overused
healthy brain hemisphere, and
inhibitory intermanual transfer
from that hemisphere onto the
lesioned one, may be at least
partly responsible for the lack of
improvement in some stroke
patients [3]. These and other
clinical examples illustrate
the critical importance of
understanding the mechanisms of
intermanual transfer, not only for
daily life skill acquisition but also
for treatment and rehabilitation of
brain-damaged patients.
Intermanual skill transfer has
been extensively documented in
motor control studies in healthy
humans (for reviews see [4,5]).
One of the motor tasks that
has been particularly used to
evaluate intermanual transfer of
a motor skill is the serial reaction-
time task [6–8]. One of the
advantages of this task is that it
allows the investigation of two
components of motor sequence
learning. One is a nonspecific
or general improvement in1Department of Molecular Biology,
Princeton University, Princeton, New
Jersey 08544, USA. 2Department of
Chemistry, Princeton University,
Princeton, New Jersey 98544, USA.
E-mail: jstock@princeton.edu
DOI: 10.1016/j.cub.2007.10.011performance, associated with
optimization of the procedure
required to push the correct
key after presentation of an
unexpected visual stimulus, and
the development of the general skill
necessary to implement the key
press [9,10]. The other component
is related to the order of the
presented sequence, and therefore
sequence-specific; this most likely
reflects learning of both the timing
of the visuomotor procedure and
the order of key presses and the
response locations of the stimuli
[9–11]. The serial reaction-time
task has thus been used in studies
of neuronal substrates underlying
intermanual transfer of learning.
In an earlier study, Perez and
colleagues [8] used the serial
reaction-time task together
with non-invasive transcranial
magnetic stimulation (TMS)
to evaluate a series of
neurophysiological markers of
motor cortical function in both
primary motor cortices and
their interactions during
intermanual skill transfer.
Interestingly, their results
demonstrated that transfer of
learning was accompanied by
changes in motor cortical
function in both hemispheres
and also in inhibitory
interhemispheric interactions
between primary motor
cortex (M1). Moreover, they
observed that modulation of
interhemispheric inhibition
between M1s was associated
with the general performance in
the transfer hand. These
results support the view that
intermanual skill transfer involves
active interhemispheric
interactions through the corpus
callosum [12].
Earlier work in animals
(reviewed in [13]) suggested that
the recipient hemisphere actively
